A comprehensive analytical method for nearly 1000 semi-volatile organic compounds (SVOC) in sediments has been developed using an automated identification and quantification system with a GC-MS database. The results of recovery tests using model compounds, which comprise of 119 non-polar to polar compounds, showed that the method can quantitatively analyze most SVOC, except for very polar substances. Analytical results of a standard reference material were close to certified concentrations. The detection limits of the method were 4 μg/kg when measuring by TIM and 0.4 μg/kg by SIM. The method was applied to actual sediments in rivers in Ho Chi Minh City, Vietnam. A large number of substances, including persistent organic pollutants, which seem to be discharged from domestic sources, were found at relatively high concentrations. From these results, it is confirmed that the developed method is a useful way to obtain a holistic picture of pollution by SVOC, and is a good tool for rapid screening of chemical pollution in sediments.
Introduction
Although it is suspected that hundreds of thousands of chemical substances of anthropogenic origin exist in the environment, 1 the number of chemicals that are regularly examined is very limited. In Japan, only 53 substances, the environmental standards and monitored substances, are monitored regularly in the aquatic environment, 2 which is not enough to evaluate the safety of the environment and to protect aquatic life and human health; particularly important is to cope with pollution caused by accidents and natural disasters, such as earthquakes. In such cases it is necessary to analyze as many chemicals as possible as quickly as possible. Historically, when assessing large numbers of organic substances, many analytical methods have to be employed, which is time consuming and requires huge monetary expenditure. Preliminary screening of samples using rapid assessment tools is thus an increasingly attractive prospect for water environment managers. Consequently, we have developed an Automated Identification and Quantification System with a GC-MS Database (AIQS-DB) 3, 4 that can determine the concentrations of nearly 1000 semi-volatile organic compounds (SVOC). In addition, we have confirmed that the accuracy and precision of measurements using the AIQS-DB system are almost the same as that obtained by the conventional internal standard methods (except for polar substances). 5 Consequently, we are developing comprehensive analytical methods for various environmental substrates by making full use of the AIQS-DB. A combination of solid-phase extraction and the AIQS-DB was successfully developed for water samples except, again, for a range of polar substances. 6 In the present study, we developed a comprehensive analytical method for sediment samples, and evaluated the performance and the effectiveness of the method by analyzing sediments collected in rivers in Ho Chi Minh City (HCM), Vietnam.
Experimental

Target compounds and reagents
The AIQS-DB consists of 914 SVOC (Table S1 , Supporting Information). For the most part, these chemicals are regulated by the environmental protection laws in Japan or the United States, and were detected in an environmental survey conducted by the Japanese Ministry of the Environment (MOE). 7 The 914 chemicals include almost all of the pesticides that can be currently measured by a GC, some pharmaceuticals and personal-care products (PPCPs), and some targeted groups, e.g. compounds eluted from tires, 8 such as benzothiazoles. In a pretreatment procedure examination of liquid-liquid extraction (LLE), clean-up and overall recovery, we used 119 model compounds (MCs, Table 1 ) that are representatives of SVOC in the AIQS-DB, and consist of chemicals with wide range of physico-chemical properties. We also used 38 surrogates (deuterium-labeled internal standards, Table S2 , Supporting Information) for examining any problems in analysis. The model compounds and surrogate compounds were obtained from Wako Pure Chemical (Osaka, Japan), Kanto Chemical (Tokyo, Japan), Hayashi Pure Chemical (Osaka, Japan), and Cambridge Isotope Laboratories, Inc. (Andover, MA, USA). Solvents were of pesticide residue analysis grade (Wako Pure Chemical, Japan).
Analytical procedure
Extraction from sediment was performed with an accelerated solvent extractor (ASE 350; Japan Dionex, Osaka, Japan). After mixing a sample (10 g, wet wt) with 7 g of Hydromatrix (Varian, Palo Alto, CA, USA), surrogates were spiked into the sample. The sample was put in an extraction vessel, and was then extracted with dichloromethane/acetone (1:1) for 30 min at 100 C at 10.3 MPa. Thereafter, the extract was concentrated to 10 ml using a rotary evaporator, and then the concentrate was added to 200 ml of a 5% sodium chloride solution. The solution was extracted with 30 ml of dichloromethane twice. After dehydration of the extract with anhydrous sodium sulfate, the extract was concentrated to 10 ml. Thereafter, the solvent was changed from dichloromethane to hexane by adding 20 ml of hexane to the concentrate and concentrating the resulting mixture to 1 ml using a rotary evaporator. This procedure was carried out twice for a complete change of the solvent. The hexane concentrate obtained was applied to a silica-gel cartridge (Sep-Pak VAC 2 g/12 ml; Waters Associates, Milford, MA, USA), and separated into 3 fractions by sequential elution with 15 ml each of hexane (Fraction 1), 5% acetone-hexane (Fraction 2), and 30% acetone-hexane (Fraction 3). Fraction 1 was treated with copper powder (reduced copper, granular, super grade; Kishida Chemical, Tokyo, Japan) to remove sulfur. 9 Fraction 3 was passed through an activated carbon column (ENVI-carb; Supelco, Bellefonte, PA, USA) to remove colored substances (e.g. non-volatile pigments) that damage a GC column. 10 Each fraction was concentrated to 1 ml with a rotary evaporator and a nitrogen stream, and then measured by GC-MS (QP-2010Plus; Shimadzu, Kyoto, Japan) after the addition of internal standards (Restek, Bellefonte, PA, USA). Each final test solution was measured by selected ion monitoring (SIM) and total ion monitoring (TIM) simultaneously. The GC-MS conditions for TIM were as described previously. 3 SIM was applied to PCBs, organochlorine pesticides, polycyclic aromatic hydrocarbons (PAHs) and sterols; detailed SIM conditions are shown in Table S3 (Supporting Information).
GC-MS analysis
The chemical substances registered in the AIQS-DB (Compound composer, Shimadzu, Kyoto, Japan) were identified and quantified by using a combination of retention times, mass spectra, and internal standard calibration curves registered in the database. In order to obtain accurate results, a GC-MS has to be adjusted to designated conditions that are almost the same as the instrumental conditions when the database was constructed. The results obtained from performance check standards (Naginata criteria sample mix 3: Hayashi Pure Chemical, Osaka, Japan) are evaluated against three criteria: 3,4 spectrum validity, inertness of column and inlet liner, and stability of response. When the results for performance check standards satisfy the criteria, the difference between the predicted and actual retention times is less than 3 s, and obtained chemical concentrations (excluding some highly polar compounds which are difficult to measure by GC) are comparable to those obtained by conventional internal standard methods. 4, 5 However, in the present study to make sure of quantification, we quantified MCs in extraction tests by LLE, column chromatography and overall recovery tests by the conventional internal standard method instead of quantification by the AIQS-DB.
Collection of sediment
Sediment samples used in this study for evaluation of the performance of the developed method were collected from the surface layer of sediment at two sites (a small canal and the Saigon River) in HCM in February 2012 using an Eckman-Barge grab sampler (15 × 15 cm).
Results and Discussion
Simultaneous analysis for a numerous compound with various physico-chemical properties is quite different from target analysis for a small number of compounds with similar properties. In the latter case, target analysis usually removes matrix and non-target substances as much as possible to improve the detection limits, precision and accuracy of analysis, whereas in the case of simultaneous analysis for a large number of substances, an extraction method should be selected that can extract as many compounds as possible, and its clean-up procedures are selected that remove the minimum substances necessary to prevent interference with the GC measurement. Therefore, we designed analytical procedures that are as simple as possible: extraction from sediment using a hydrophilic solvent, re-extraction with a hydrophobic solvent and adsorption chromatography to separate substances according to polarity.
Although there are several extraction methods for solid samples, such a Soxthlet or ultrasonic extraction, we chose an accelerated solvent extraction method because of its ability to extract a large number of compounds in a short period of time; the acetone/dichloromethane (1:1) mixture was used as the extraction solvent because this mixed solvent is recommended in US EPA Method 3545A. 11 We selected dichloromethane as a solvent for re-extraction because dichloromethane is the most suitable solvent for wide spectrum SVOC. [12] [13] [14] In adsorption chromatography, we examined three adsorbents: silica-gel, Florsil and alumina. The results of recovery of each pretreatment step, LLE with dichloromethane and column chromatography, and overall recovery through all the procedures, are described in the following sections.
Recoveries of chemicals by liquid-liquid extraction with dichloromethane
In the present study, LLE is one of the key analytical procedures because LLE is employed to extract SVOC after the extraction of sediments. We selected dichloromethane as an extraction solvent because it is usually used as a LLE solvent for SVOC, and its recoveries of SVOC have been well known. [12] [13] [14] However, there has been no systematic examination on its extraction efficiency of SVOC based on the chemical physicochemical properties. In this context, we used 119 MCs that were selected from the AIQS-DB as being representative of the SVOC in the AIQS-DB, and new chemicals that may be registered in the AIQS-DB in the future, to examine recovery by LLE. These MCs were chosen based on a compound category (e.g. see Table S1 ), and physico-chemical characteristics (such as boiling point, log Kow, polarity, presence of functional groups, active hydrogens). The extraction efficiencies were examined Continued by adding each 2 μg of MCs to 200 mL of 5% NaCl water. Quantification was done by the internal standard method.
Compounds whose octanol-water partition coefficient (log Kow) are above 1 show more than 60% of recovery (Table 1) . However, compounds that dissociate in water, such as pentachlorophenol, had low recovery, even though they may have a log Kow > 1. In addition, compounds whose log Kow are low and also have more than one polar functional group also showed low recovery: e.g. 1,4-benzenediol and 1,1,1-trichloro-2-methyl-2-propanol. The substances with low recovery were consistent with substances that are difficult to measure by the GC-MS conditions 5 used in the present study. Consequently, it was confirmed that SVOC in the AIQS-DB can be extracted by LLE with dichloromethane, except for a number of highly polar substances.
Examination of clean-up by adsorption chromatography with silica-gel
Since sediments usually contain a large amount of organic matrix and sulfides, a clean-up procedure is essential. In the present study, we adopted adsorption chromatography to separate SVOC according to their polarities and copper treatment to remove sulfur. 9 Although the adopted clean-up procedure cannot precisely separate chemicals, it seems to be suitable for comprehensive analysis, because our large number of target compounds have a wide range of physico-chemical properties.
In the present study, we tested three types of adsorbents: silica-gel (Sep-Pak VAC 2 g/12 ml; Waters Associates, Milford, MA, USA), Florsil (Waters Sep-Pac VAC 2 g) and neutral alumina (Waters Sep-Pac VAC 2 g). We selected a hexane-acetone mixture as elution solvents: 1st fraction, hexane, 2nd fraction, 5% acetone-hexane and 3rd fraction, 30% acetone-hexane; elution volumes are 15 ml each. Elution tests were performed according to the developed method after adding each 2 μg of MCs to 1 ml of hexane. Although the elution patterns obtained with the three adsorbents were almost the same, the numbers of low recovery (below 5%) substances observed using silica-gel was the fewest (5) compared with Florsil and alumina (12 and 20, respectively). Lower recovery substances were again polar substances, such as amines, phenols and polar pesticides. From these results, the most suitable clean-up chromatography for sediments was the combination of silica-gel and acetone-hexane solution. The elution position of each compound by silica-gel chromatography is given in Table 1 . Since some polar substances that eluted in the Fraction 3 showed low recoveries due to tailing, an increase in the volume of eluant of Fraction 3 may be necessary. In the present study, since we used a commercial product (Waters Sep-Pac VAC 2 g) instead of an open column, some substances, such as 4-n-nonylphenol and n-alkanes (Table 1) , were eluted from the cartridges, themselves; thus, when using commercial products, attention must be paid to the levels of substances eluted from the product in method blanks to allow for either background correction of sample data or the removal of such substances from contaminant reporting.
Overall recovery tests
In order to confirm the performance of the developed method, we conducted overall recovery tests. We added each 1 μg of MCs to sediment samples (10 g wet wt) collected from the mouth of Dokai Bay in Kitakyushu City (total organic carbon, 0.4%), and then treated the samples according to the developed method. Quantification was performed using the internal-standard method instead of the AIQS-DB measurement. Recoveries of the MCs were calculated after background subtraction, i.e. by subtracting the amounts detected in a non-spiked sample from the amounts detected in the spiked samples. Recoveries of 80% of the MCs were in the 60 to 120% range (Table 1 ). LLE and/or column chromatography seems to cause low recovery (below 60% of recovery). In the overall recovery tests, the recoveries of 21 out of the 119 MCs were lower than 60%; of these 21 compounds, 10 and 15 compounds also showed low recovery (below 60%) in LLE and silica-gel column chromatography, respectively, which indicates that LLE and silica-gel column chromatography are the causes of their low recovery. Since benzidine is known to be oxidized during analytical procedures, 12 ,13 some amines also seem to be oxidized, and show low recoveries. Except for these polar substances, 80% of MCs show good recovery; 70% of MCs showed 60 to 120% of recovery with a variation (repeatability) less than 20%. Some substances, such as n-alkanes, octanol and 4-n-nonylphenol, had recovery > 100% due to the effects of the contamination from a silica-gel cartridge column. From the overall recovery test, it was confirmed that the developed comprehensive method can analyze most SVOCs in sediments except for polar substances. In addition, the results of the overall recovery test provide useful information for predicting the recoveries of substances registered in the database (Table S1 ). The information is as follows: (1) generally, the overall recovery decreases with decreasing log Kow, (2) substances whose log Kow are below 1 cannot be analyzed quantitatively by the developed method, (3) if substances dissociate in water, even if their log Kow values are larger than 1 (e.g. pentachlorophenol), their recoveries are below 60%, (4) substances that have hydroxyl functional groups and/or amino functional groups show low recoveries, and substances that have a log Kow below 3 and also have functional groups that contain active hydrogen cannot be recovered by more than 60%, (5) the recovery decreases with the increase in the number of active hydrogen functional groups.
Detection limit
The AIQS-DB uses TIM to measure a large number of SVOCs, and in doing so sacrifices sensitivity. However, current GC-MS instruments have much better sensitivity compared with those of instruments manufactured one decade ago; they can measure mass spectra at pg levels. Detection limits (DL) for the target substances were estimated from concentration ratio (or, ratio of the dry weight of a sample to the volume of a final concentrate), and the instrument detection limit (IDL). For 83% of the chemicals in the AIQS-DB, the DL was ≤4 μg/kg dry wt. In addition, since the GC-MS used in this study can perform SIM/TIM measurement, we measured a sub-set of substances in the database, such as some PCBs, organochlorine pesticides, PAHs and sterols, by SIM. Since sensitivity by SIM was tentimes higher than by TIM, the DL of the PCBs, organochlorine pesticides and PAHs was ≤0.4 μg/kg dry wt.
Analysis of standard reference material
In order to validate the developed comprehensive method, we analyzed a standard reference material (SRM, NIST 1941b, Organics in Marine Sediment; National Institute of Standards and Technology, Gaithersburg, MD, USA). Instrumental measurements were done by TIM/SIM; PAHs were measured by TIM and quantified by the AIQS-DB and PCBs and organochlorine pesticides were measured by SIM and quantified by calibration curves in the AIQS-DB. Although the number of compounds certified in the SRM is much smaller than compounds registered in the AIQS-DB, if analytical results agree with certificated concentrations, analytical results for other compounds (except for highly polar substances) can be assumed be close to true concentrations. The results are given in Table S4 (Supporting Information). The means of the ratios of results to the certified values was from 32 to 175% (average: 90%, RSD: 29%). Although results for some of the substances differed from the certificated values, the concentrations determined for 33 out of 50 substances fell within ±30% of the certified values, which indicates that although the accuracy of the comprehensive method is slightly lower than that of the conventional methods, it is sufficient for environmental surveys.
Confirmation of applicability and usefulness of the developed comprehensive method
In order to confirm that usefulness of the developed comprehensive method, we analyzed real sediments that were taken in from waterways in Vietnam. In this examination, we measured samples by GC-MS-SIM/TIM and identified and quantified the substances in the AIQS-DB. Recoveries of most of the surrogates (Table S2) were at the same level as those of overall recovery tests. However, recoveries of some polar substances were above 100%. The cause of this excess recovery seems to be the matrix effect that is well known in food analysis. 15 Since the sediments analyzed were heavily polluted, and the clean-up procedure in the developed method is simple, the amount of matrix in the final concentrates were enough to act as a liquid phase of a capillary column. Except for the matrix effect, it is confirmed that there was no problem in the individual sample analysis from reasonable surrogate recovery. The results of surrogate analysis show that the addition of surrogates before extraction is useful to evaluate the right or wrong of individual sample analysis. Although in this study 38 surrogates were used, the number of surrogates can be reduced to around 10 (e.g. those shown in Table S2 ); acid and basic substances, substances eluted in Fraction 3 and substances with a constantly high recovery.
One hundred-fourteen and 66 substances were found in the HCM sediments by TIM and SIM, respectively (Table S5 , Supporting Information). Since Site 2 is in a small canal located in the center of HCM, its detected concentrations are much higher than at Site 1, the much larger Saigon River. Characteristic substances were chemicals that seem to be discharged from domestic sources: sterols, particularly coprostanol from mammalian feces, 16 and nonylphenol resulting from degradation of common nonionic surfactants. 17 Persistent organic pollutants (POPs), such as PCBs and organochlorine pesticides, which have been banned in Vietnam since the 1990s, 18 were also found at Site 2 at relatively high concentrations.
In addition, chloropyrifos and permethrin 1 and 2 were detected at Site 2. These results show that sediments in small canals in HCM are heavily polluted by chemicals discharged from domestic sources due to a lack of sewer system in HCM, and their effects reach to the main stem of a big river (Site 1). From the results obtained, a more holistic picture of organic pollution at sampling sites can be obtained. The evaluation results concerning the performance of the developed method clearly show that the comprehensive analysis is a very useful tool for rapid screening of environmental pollution, because it can provide a whole pollution picture that provides a lot of information, including the necessity of further detailed survey.
Conclusions
We have developed a comprehensive analytical method for SVOC in sediments using the AIQS-DB. From the recovery tests using 119 MCs, it was confirmed most SVOC, except for polar substances, can be analyzed quantitatively. From the analysis of SRM, the accuracy and precision of the developed method are slightly lower than that of conventional methods that were developed for targeted analysis. Although the sensitivity of AIQS-DB using TIM may be insufficient for some chemicals that usually require a high sensitivity, such as POPs, this weak point can be overcome by using SIM/TIM mode; in the present study we applied SIM to POPs in SRM and sediments in Vietnamese rivers and obtained good results. The method was applied to actual sediments in rivers in HCM. We found the pollution by domestic chemicals and POPs that had been banned to use in the 1990s. From the pattern of detected chemicals as well as their concentration patterns, we can obtain a more holistic pollution picture in rivers. From these results, it is confirmed that the developed comprehensive method using the AIQS-DB is a useful tool for the screening of pollution resulting from accidents and natural disasters because a large number of chemical substances can be measured rapidly at relatively low cost. In addition, the whole pollution picture, which is difficult to obtain by conventional methods, is useful to find emission sources in survey areas.
